Hepatitis B virus (HBV) and hepatitis delta virus (HDV) interplay was investigated by examining liver and serum samples from 21 coinfected and 22 HBV-monoinfected patients with chronic liver disease. Different real-time PCR assays were applied to evaluate intrahepatic amounts of HBV DNA, covalently closed circular DNA (cccDNA), pregenomic RNA (pgRNA), pre-S/S RNAs, and HDV RNA. Besides HBV DNA and HDV RNA levels, HBsAg concentrations in the sera were also determined. HDV-coinfected cases showed significantly lower median levels of serum HBV DNA (؊5 log), intrahepatic relaxed-circular DNA (؊2 log), and cccDNA (؊2 log) than those of HBV-monoinfected cases. Interestingly, pgRNA and pre-S/S RNA amounts were significantly lower (both ؊1 log) in HDV-positive patients, whereas serum HBsAg concentrations were comparable between the two patient groups. Pre-S/S RNA and HBsAg amounts per cccDNA molecule were higher in HDV-positive patients (3-fold and 1 log, respectively), showing that HBV replication was reduced, whereas synthesis of envelope proteins was not specifically decreased. The ratios of cccDNA to intracellular total HBV DNA showed a larger proportion of cccDNA molecules in HDV-positive cases. For these patients, both intrahepatic and serum HDV RNA amounts were associated with cccDNA but not with HBsAg or HBV DNA levels. Finally, HBV genomes with large deletions in the basal core promoter/precore region were detected in 5/21 HDV-positive patients but in no HDV-negative patients and were associated with lower viremia levels. These findings provide significant information about the interference exerted by HDV on HBV replication and transcription activities in the human liver.
Hepatitis B virus (HBV) and hepatitis delta virus (HDV) interplay was investigated by examining liver and serum samples from 21 coinfected and 22 HBV-monoinfected patients with chronic liver disease. Different real-time PCR assays were applied to evaluate intrahepatic amounts of HBV DNA, covalently closed circular DNA (cccDNA), pregenomic RNA (pgRNA), pre-S/S RNAs, and HDV RNA. Besides HBV DNA and HDV RNA levels, HBsAg concentrations in the sera were also determined. HDV-coinfected cases showed significantly lower median levels of serum HBV DNA (؊5 log), intrahepatic relaxed-circular DNA (؊2 log), and cccDNA (؊2 log) than those of HBV-monoinfected cases. Interestingly, pgRNA and pre-S/S RNA amounts were significantly lower (both ؊1 log) in HDV-positive patients, whereas serum HBsAg concentrations were comparable between the two patient groups. Pre-S/S RNA and HBsAg amounts per cccDNA molecule were higher in HDV-positive patients (3-fold and 1 log, respectively), showing that HBV replication was reduced, whereas synthesis of envelope proteins was not specifically decreased. The ratios of cccDNA to intracellular total HBV DNA showed a larger proportion of cccDNA molecules in HDV-positive cases. For these patients, both intrahepatic and serum HDV RNA amounts were associated with cccDNA but not with HBsAg or HBV DNA levels. Finally, HBV genomes with large deletions in the basal core promoter/precore region were detected in 5/21 HDV-positive patients but in no HDV-negative patients and were associated with lower viremia levels. These findings provide significant information about the interference exerted by HDV on HBV replication and transcription activities in the human liver.
Hepatitis delta virus (HDV) is a worldwide diffuse pathogen commonly associated with severe forms of liver disease (9, 21, 22, 35) . HDV can establish infection only in individuals with continuing hepatitis B virus (HBV) infection, since it requires obligatory helper functions provided by HBV for in vivo infection. In particular, HDV needs to borrow the envelope proteins produced by HBV, and consequently, the two viruses share the same outer coats, consisting of the HBV surface antigen (HBsAg) (21, 35) . In spite of this, HDV and HBV are completely different in terms of genome replication, with both showing several aspects that make their life cycles nearly unique among agents infecting animals. Very briefly, HDV is a small RNA virus with a single-stranded and circular genome of approximately 1,700 nucleotides (nt) that is replicated using a host RNA polymerase and contains a ribozyme able to selfcleave and self-ligate the circular HDV genome (30) . In contrast, HBV is a closed, circular, partially double-stranded DNA virus of 3.2 kb containing four partially overlapping open reading frames that replicates via the formation of a circular covalently closed DNA (cccDNA) which serves as a template for the production of virus mRNAs, including an RNA pregenome that is reverse transcribed in the cytoplasm of hepatocytes for the synthesis of the DNA molecules (14) . The HBV cccDNA can persist throughout life in the livers of infected individuals, and viral DNA may also be integrated directly into the host DNA (26) . Apart from the above-mentioned envelope proteins supplied to HDV by HBV, the exact biological interactions between the two viruses are far from being understood completely. Both are parenterally transmitted agents with a striking hepatotropism, and their coexistence is traditionally believed to be characterized by suppression of HBV replication exerted by HDV (21) . Although most HDV-positive patients have very low or even undetectable levels of serum HBV DNA, a number of them show serological patterns of active HBV replication, i.e., a positive e antigen (HBeAg) status and high viral DNA values, and these last cases are often associated with the most aggressive and rapidly evolving forms of chronic liver disease (21, 39) . Moreover, recent studies suggested that HBV DNA and HDV RNA serum levels in coinfected patients may not be stable and may change over time (18, 24) . Indeed, it is of utmost importance to clarify the interplay between the two viruses, not only from the biological point of view but also because it might open up a way to find adequate therapeutic approaches for the treatment of HDV-related liver diseases that are presently nearly incurable. HDV and HBV interactions in humans have been investigated so far essentially by evaluating the circulating viruses, whereas the molecular patterns of the two viruses have been investigated very little at the intrahepatic level.
The aim of this study was to explore the HBV and HDV replicative and transcriptional activities by analyzing liver and serum nucleic acid extracts from HDV-infected individuals with various HBV serological patterns.
MATERIALS AND METHODS
Patients and samples. We studied 21 HBV-and HDV-coinfected patients (HDV-positive patients) who consecutively underwent needle liver biopsy at the liver centers in Bari, Naples, and Messina, Italy, in 2008 and 22 HBV-monoinfected patients (HDV-negative patients) consecutively undergoing liver biopsy at the Messina liver center in the same period. All of the HDV-positive patients (11 men and 10 women; median age, 43.5 years; age range, 30 to 58 years) were Italians; 3 of them were HBeAg positive, and 18 were anti-HBe positive. All HDV-negative patients (17 men and 5 women; median age, 43 years; age range, 14 to 62 years) were Italians, with the exception of one Chinese individual; 8 of them were HBeAg positive, and 14 were anti-HBe positive (Table 1) .
For each patient, part of the liver biopsy specimen was processed for histologic examination, and the rest was immediately frozen in RNAlater (Applied Biosystems/Ambion, Austin, TX) and stored at Ϫ80°C until molecular analysis. Serum samples from each patient were collected and frozen the same day as the liver biopsy specimen. None of the patients were positive for hepatitis C virus or human immunodeficiency virus, were on treatment, or had received antiviral therapy in the past. The study protocol was performed according to the principles of the Declaration of Helsinki, and informed consent was obtained from all patients.
Serum HBV DNA and HBsAg quantification. Serum HBV DNA was quantified using the Cobas AmpliPrep/Cobas TaqMan HBV test (Roche Molecular Systems, Branchburg, NJ), with a lower limit of detection of 70 copies/ml (12 IU/ml), and HBsAg quantification was performed by the Architect HBsAg assay (Abbott Laboratories, Chicago, IL) according to the manufacturer's instructions.
DNA and RNA extraction from liver specimens. Total DNA and RNA extractions from liver biopsy specimens were performed through the approach described by Volz et al. (32) , with minor modifications. Briefly, cryopreserved liver tissue specimens from individual patients were homogenized by use of a TissueRupter instrument (Qiagen, Milano, Italy) in 500 l homogenization buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 150 mM NaCl) at 4°C and then divided into two equal parts, with one used for DNA extraction and the other used for RNA extraction.
Total liver DNA was extracted from one part of the homogenate by digestion in 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 10 mM EDTA, 1% sodium dodecyl sulfate, and proteinase K (800 g/ml) overnight at 37°C. After extraction with phenol-chloroform, the nucleic acids were precipitated in 2 volumes of pure cold ethanol. Nucleic acids were then resuspended and digested with pancreatic RNase (100 g/ml), followed by extraction with phenol-chloroform and reprecipitation in pure cold ethanol. The DNA was resuspended in 10 mM Tris-HCl (pH 7.4) and 1 mM EDTA. Total liver RNA was extracted from the other half of the liver tissue homogenate by use of TRIzol reagent (Invitrogen) as recommended by the manufacturer. RNA quality and quantity were monitored on agarose gels by ethidium bromide staining and UV absorption.
RNA and DNA concentrations were measured using an ND-1000 spectrophotometer (NanoDrop Technologies) at 260 nm.
Quantification of HBV DNA in liver specimens. Quantification of total intracellular HBV DNA and HBV cccDNA was performed by adapting the methods described by Werle-Lapostolle et al. (36) for the "utility channel" of a Cobas TaqMan 48 (Roche, Basel, Switzerland) instrument. Briefly, real-time PCR to evaluate total HBV DNA was performed using a 75-l reaction volume containing 10 l of DNA extract, 3 mM The plasmid pCRII-delta-R0, containing one copy of the R0 region of the HDV genome (nt 853 to 1308), was used as a standard for HDV cDNA quantification. The plasmid was digested with EcoRI (New England Biolabs GmbH, Frankfurt, Germany), and the R0 sequence was gel purified using the Wizard SV gel and PCR clean-up system (Promega, Madison, WI). The concentration of purified R0 DNA was determined with an ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE), and the corresponding copy number was calculated. A series of 10-fold dilutions of the plasmid pCRII-delta-R0 was used as a standard for HDV cDNA quantification. Serum samples from HDV-negative patients were analyzed as negative controls. Quantification of HDV RNA and HBV RNA from liver specimens. Five micrograms of extracted RNA was treated with RQ1 RNase-free DNase (Promega, Madison, WI) for 1 h at 37°C and then used as a template for first-strand cDNA synthesis with Super Script reverse transcriptase (Invitrogen) and oligo(dT) primers.
The same primers, hybridization probes, and reaction conditions utilized for serum HDV RNA quantification were used to quantify intrahepatic HDV RNA. Serial dilutions of the plasmid pCRII-delta-R0 served as quantification standards. Liver biopsy specimens from HDV-negative patients were analyzed as negative controls. The sequences and nucleotide positions of the primers and probes specific for pregenomic HBV RNA (pgRNA) were as follows: HBV7, 5Ј-CCTCACCATACTGCACTCA-3Ј (nt 2048 to 2066); HBV8, 5Ј-GAGGGAG TTCTTCTTCTAGG-3Ј (nt 2385 to 2366); CORE/FL (FRET hybridization probe), 5Ј-AGTGTGGATTCGCACTCCTCCAGC-FL-3Ј (nt 1086 to 1108); and CORE/LC (FRET hybridization probe), 5Ј-LC-R640-ATAGACCACCAAATG CCCCTATCTTATCAAC-PH-3Ј (nt 2295 to 2325). The same primers and probes designed for total HBV DNA quantification were used to evaluate total HBV RNA levels (corresponding to S [2.1 kb], pre-S [2.4 kb], and C-E or pregenome [3.5 kb] mRNA). For each liver biopsy specimen, the amount of pre-S/S RNA was estimated by subtracting the pgRNA quantity from the total HBV RNA amount. Serial dilutions of plasmid containing a monomeric HBV insert (Alfa Wasserman) were used as quantification standards for HBV reversetranscribed pgRNA and total RNA. For RNA normalization, evaluation of the number of haploid genomes by use of a ␤-globin gene kit (Roche DNA control kit; Roche Diagnostics) allowed us to determine the cell number in the liver biopsy homogenate and, consequently, also in the aliquot used for RNA analysis.
Precision and reproducibility of real-time PCR assays. A linear relationship from 1 ϫ 10 1 to 1 ϫ 10 7 copies/ml was obtained between cycle threshold values and numbers of HBV DNA or HDV cDNA copies used as standards. The correlation coefficient was repeatedly Ͼ0.99, and the slope was 3.5 for both HBV DNA and HDV cDNA standard curves. In order to assess intra-assay reproducibility, different approaches were applied. First, four replicates of 10-fold standard dilutions ranging from 1 to 1 ϫ 10 8 copies per reaction were tested in the same experiment. This was performed both with HBV DNA and with HDV RNA standards, which yielded coefficients of variation (CVs) ranging from 0.5% to 1.7% and from 0.6% to 2.3%, respectively. Second, liver tissue specimens from 2 HDV-positive and 2 HDV-negative individuals were processed independently for DNA and RNA extraction, cDNA synthesis, and real-time PCR in the same experiment in triplicate. Quantification of total HBV DNA, HBV RNA, and HDV RNA in the liver yielded CVs ranging from 2.4 to 6.7, from 3.5 to 7.8, and from 4.5 to 7, respectively. Third, all patient samples were tested independently in duplicate for either HBV DNA, HBV RNA, or HDV RNA in all real-time PCR experiments. To assess interassay reproducibility, DNAs and RNAs extracted from serum and liver samples of 3 HDV-positive patients (1 with high and 2 with low HBV DNA levels in the serum) were tested in 5 independent experiments on 5 different days. Interassay coefficients of variation were always less than 10%.
HBV sequence analysis. HBV genotypes and basal core promoter (BCP)/ precore (PC) HBV genomic region analyses were performed by PCR amplification and subsequent direct sequencing as previously described (16) .
Statistical analysis. Statistical analysis was performed with the SPSS, version 13.0, software package (SPSS Inc., Chicago, IL). Medians and minimum and maximum values were calculated for numerical data, and percentages were computed for categorical data. A nonparametric approach was used to examine variables showing an absence of a normal distribution, as verified by the Kolmogorov-Smirnov test. In particular, the interdependence between numerical variables was determined by use of the Spearman rank correlation test, whereas the Mann-Whitney test was applied to perform comparisons of continuously distributed variables between 2 independent groups. To evaluate the association between categorical variables, the log-likelihood ratio test was applied. P values of Ͻ0.05 were considered statistically significant.
RESULTS

Patient characteristics.
A total of 43 HBsAg-positive chronic hepatitis patients-21 of whom were coinfected with HDV-were studied. The characteristics of the patients are summarized in Table 1 . Age and sex distributions within the groups of patients with and without HDV infection were similar. HBV genotype analysis showed that 20 of the 21 HDVpositive patients were infected with HBV genotype D and 1 was infected with genotype A, whereas among the 22 HDVnegative patients, 18 were infected with HBV genotype D, 3 were infected with genotype A, and 1 was infected with genotype C. No association was observed between HBV DNA levels and HBV genotypes. All 21 HDV-positive patients were infected with HDV genotype 1. Amounts of HDV RNA and HBV DNA in both sera and liver specimens from HDV-positive patients are reported in Fig. 1A and B. Finally, there was no significant difference between HDV-positive and HDV- 5 copies/cell) and 3.5 copies/cell (range, 0.015 to 4.5 ϫ 10 3 copies/cell), respectively, whereas median levels of HDV RNA and HBV DNA in serum were 1.9 ϫ 10 4 copies/ml (range, 2 to 2.1 ϫ 10 7 copies/ml) and 641 copies/ml (range, 70 to 9.4 ϫ 10 7 copies/ml), respectively. Dots represent single patient measurements. The median is indicated with a long line, and the 25th and 75th percentiles are indicated with error bars.
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negative patients in the degree of necroinflammation and fibrosis, according to Scheuer classification (25) ( Table 1) .
Comparison between HDV-positive and HDV-negative patient groups. Real-time PCR analyses of paired serum and liver biopsy samples from each patient revealed that HDVpositive cases had significantly lower median levels of both serum HBV DNA (641 copies/ml; range, 70 to 9.4 ϫ 10 7 copies/ml; P Ͻ 0.0001) and intrahepatic rcDNA (3.5 copies/ cell; range, 0.015 to 4.5 ϫ 10 3 copies/cell; P Ͻ 0.0001) than did HDV-negative cases (1.6 ϫ 10 7 copies/ml of serum HBV DNA [range, 3.1 ϫ 10 4 to 6.5 ϫ 10 8 copies/ml] and 227 copies/cell of intrahepatic rcDNA [range, 4 to 4.1 ϫ 10 4 copies/cell]) ( Fig.  2A and B) . Intracellular cccDNA amounts were also significantly lower in HDV-positive patients, with a median level of 0.07 copy/cell (range, 0.01 to 2 copies/cell; P Ͻ 0.0001), than in HDV-negative patients (median, 1 copy/cell; range, 0.01 to 35 copies/cell) (Fig. 2C) . However, the evaluation of the ratio of cccDNA to intracellular total HBV DNA showed a higher, although not significant, proportion of cccDNA molecules in HDV-positive patients (2% versus 0.4%; P ϭ 0.2), and median amounts of rcDNA produced per cccDNA molecule were 3-fold lower in HDV-positive subjects (median, 75 versus 245 rcDNA molecules/cccDNA molecule; P ϭ 0.1). In addition, analysis of HBV transcription by transcript-specific real-time PCR revealed that HDV-positive patients had significantly lower median levels of both pgRNA (14.5 copies/cell; range, 0.5 to 2.4 ϫ 10 3 copies/cell; P Ͻ 0.0001) and pre-S/S transcripts (62 copies/cell; range, 1 to 2.1 ϫ 10 3 copies/cell; P ϭ 0.03) than did HDV-negative patients (572 copies/cell of pgRNA [range, 11 to 3.4 ϫ 10 4 copies/cell] and 400 copies/cell of pre-S/S transcripts). However, the evaluation of serum HBsAg by the Architect assay showed that HBsAg concentrations were comparable between HDV-positive and HDV-negative groups of patients (median, 5.7 ϫ 10 3 versus 6.9 ϫ 10 3 IU/ml; P ϭ 0.7) (Fig. 3) . In fact, HBsAg amounts per cccDNA molecule were significantly higher for HDV-positive patients (median, 6.8 ϫ 10 4 IU/ml; range, 24 to 9.5 ϫ 10 5 IU/ml; P ϭ 0.008) than for HDV-negative patients (median, 7.5 ϫ 10 3 IU/ml; range, 91 to 1.2 ϫ 10 5 IU/ml) (Fig. 4A) . To investigate whether the smaller amounts of serum HBV DNA, intrahepatic HBV replicative intermediates, and transcripts detected in HDV-positive patients were due to a reduced transcriptional activity of cccDNA molecules, ratios of pre-S/S RNA to cccDNA and pgRNA to cccDNA were evaluated for each patient. Interestingly, no statistically significant differences were found between concentrations of pre-S/S RNA and pgRNA produced per cccDNA molecule (704 versus 243 pre-S/S RNA molecules/cccDNA molecule [P ϭ 0.1] and 159 versus 280 pgRNA molecules/ cccDNA molecule [P ϭ 0.3]) in HDV-positive and HDVnegative patients ( Fig. 4B and C) . In addition, although statistical significance was not achieved, it has to be pointed out that the ratio of pre-S/S RNA to cccDNA molecules was almost 3-fold higher in HDV-positive than in HDV-negative patients (Fig. 4B) , justifying the significantly larger amounts of HBsAg per cccDNA molecule observed in HDV-positive patients. Finally, the evaluation of the ratio of pgRNA to total HBV RNA revealed a significantly smaller proportion of pregenome molecules (0.1% [range, 0.01% to 4%] versus 0.8% [range, 0.08% to 14%]; P ϭ 0.02) in HDV-positive patients.
Correlations between different variables in HDV-positive and HDV-negative patients. In HDV-positive patients, intrahepatic HDV RNA levels showed significant correlations with both serum HDV RNA (r ϭ 0.569; P ϭ 0.01) and HBV cccDNA (r ϭ 0.595; P ϭ 0.009) levels. However, no significant association was found between serum or intrahepatic HDV RNA concentrations and HBsAg levels, as well as serum and intrahepatic HBV DNA amounts. In addition, HBV DNA measured in the sera of these patients showed no correlation For HDV-negative patients, highly significant correlations were found between amounts of cccDNA and both intrahepatic rcDNA levels (r ϭ 0.76; P Ͻ 0.0001) and serum HBV DNA levels (r ϭ 0.818; P Ͻ 0.0001) and between intrahepatic rcDNA and serum HBV DNA levels (r ϭ 0.83; P Ͻ 0.0001). However, different results were obtained when the HBeAgpositive and HBeAg-negative patients of the HDV-negative group were evaluated separately. For both the HBeAg-positive and HBeAg-negative subgroups, a significant correlation was found only between intrahepatic rcDNA amounts and serum viral titers (r ϭ 0.874 and P ϭ 0.005 for the HBeAg-positive group and r ϭ 0.732 and P ϭ 0.003 for the HBeAg-negative group), and no correlation was found between cccDNA and either intrahepatic rcDNA levels (r ϭ 0.595 and P ϭ 0.1 for the HBeAg-positive group and r ϭ 0.336 and P ϭ 0.2 for the HBeAg-negative group) or serum viral titers (r ϭ 0.659 and P ϭ 0.07 for the HBeAg-positive group and r ϭ 0.530 and P ϭ 0.07 for the HBeAg-negative group). In addition, for all groups and subgroups of patients, we evaluated whether serum HBsAg concentrations correlated directly with intrahepatic amounts of HBV DNA. For both HDV-positive and HDVnegative groups of patients and their HBeAg-positive and HBeAg-negative subgroups, we found no correlation between HBsAg concentrations and either intrahepatic HBV DNA or cccDNA amounts. Comparisions between HBeAg-positive and HBeAg-negative subgroups of HDV-positive and HDV-negative patients are provided as supplimental material.
Analysis of HBV BCP and PC region variability. To evaluate whether mutations in the PC and BCP regions of HBV might have any influence on viral replication and transcription, cccDNA molecules from liver biopsy specimens were analyzed by direct sequencing. Of interest, 5 of the 21 (23.8%) HDVpositive and none of the HDV-negative patients (P ϭ 0.01) carried major HBV populations with large deletions (ranging from 45 to 228 bp) in the BCP and PC regions (Fig. 5) . The presence of such deletions was associated with lower viremia levels (r ϭ Ϫ0.458; P ϭ 0.04). However, the previously reported statistical significances obtained by comparing HDVpositive and HDV-negative patients were maintained when these 5 patients were excluded from the analysis. Among the remaining 16 HDV-positive patients, 5 (31%) were infected with HBV strains carrying the G1986A nucleotide substitution, introducing a stop codon in the PC region, and 4 of them also had a double BCP mutation at nucleotide positions 1762 and 1764. The presence of PC and/or BCP mutations showed no association with serum or intrahepatic HBV DNA levels. Major HBV populations from 12 (54%) of the 22 HDV-negative patients (2 HBeAg-positive and 10 HBeAg-negative patients) carried mutations in the BCP/PC regions. Notably, the presence of such mutations in the HBeAg-negative subgroup was associated with higher HBV DNA amounts in both serum (r ϭ 0.808; P ϭ 0.003) and the liver (r ϭ 0.866; P ϭ 0.001).
DISCUSSION
It is estimated that about 15 to 20 million of the 400 million HBsAg carriers worldwide are coinfected with HDV, and most of these patients suffer from severe and evolving forms of liver diseases (21, 35) . At present, only interferon-based therapies are licensed for chronic HDV hepatitis treatment, but these approaches achieve the objective of curing the infection (namely, HDV clearance) in only a very few cases (5) . Chronic hepatitis D is thus considered a nearly incurable liver disease. Moreover, since HDV does not produce its own enzymatic proteins (21, 30) , there is no room for typical antiviral therapeutic approaches based on the use of specific inhibitors of viral enzymes (20) . Natural recovery from HDV infection is a rare event, usually occurring only in the event of HBsAg seroclearance (21, 35) , thus confirming that studying the mechanisms of HBV and HDV interplay may have great importance not only from the virological point of view but also in identifying new methods for the cure of HDV-related diseases.
Very few data are currently available on intrahepatic HBV and HDV molecular status for coinfected patients (2, 12) , and most of the existing evidence derives from experiments with animal models (1, 8, 15, 29) . In this study, we applied sensitive molecular assays to evaluate serologic and intrahepatic quantitative profiles of HBV and HDV in chronic infections. In accordance with previous studies (9, 10, 23, 40) , our results seem to confirm that HDV exerts a dominant role over HBV, as indicated by its higher levels of replication and by the lower levels of serum and intrahepatic HBV DNA, cccDNA, and HBV transcripts detected in the majority of coinfected patients than those in HBV-monoinfected individuals. However, in agreement with previously reported data, we found that serum HBsAg levels were comparable between HDV-positive and HDV-negative patients (8) and that amounts of pre-S/S RNAs and HBsAg produced per cccDNA molecule were higher in HDV-positive patients. Considering that HDV depends on HBV only to acquire HBsAg and that HDV nucleoproteins may be considered competitors of replicating HBV genomes (21, 35) , our findings support the hypothesis that HDV might be able to induce an opposing effect on HBV replication and on HBV transcription (3, 13) . In fact, our results showing a significantly smaller proportion of pgRNA among HBV transcripts imply that the reduction of virion production might be due mainly to a selective suppression of pgRNA transcription, thus suggesting a kind of dissociation between pgRNA and pre-S/S RNA production in cases of HDV coinfection. This hypothesis is biologically plausible, since the transcription of pgRNA and that of pre-S/S RNAs are under the control of two different HBV genomic regulatory regions (14, 26) . However, the molecular mechanisms possibly implicated in the discrepancy between pgRNA and pre-S/S RNA steady-state levels are unknown, and one cannot exclude that the discrepancy might be dependent on differences in transcript stabilities. During the course of chronic HBV infection, the emergence and selection of viral variants mutated at the PC and/or BCP region which are able to affect HBV gene expression and replication are quite frequent occurrences (11, 31, 32) . To evaluate whether these HBV variants might be involved in the impairment of HBV virion production in HDV patients, we investigated BCP/PC genomic region variability at the cccDNA level. We found that one-fourth of our HDV-positive patients were infected with HBVs carrying large deletions in the BCP/PC region, and the presence of these deletions was associated with lower levels of HBV DNA in both serum and the liver. These deletions might deeply impair pgRNA transcription and HBV replication, and future studies on larger numbers of patients, together with in vitro functional analyses of the deleted HBV strains, will verify the importance of the selection of these HBV mutants in HDV coinfection. Notably, HBV isolates carrying the frequently occurring point mutations at nucleotide positions 1762, 1764, and 1896 in the BCP/PC region were significantly associated with higher viremia levels in HDVnegative/HBeAg-negative patients than in HDV-positive/ HBeAg-negative ones, further confirming that HDV may be Concerning the large amounts of HBsAg production in HDV-positive patients, previous reports suggested that a casual integration into the host genome of the HBV region coding for the envelope proteins may occur, establishing an independent source of HBsAg production (6, 34) . However, studies on the frequency and molecular characteristics of HBV integration in HDV patients have never been performed so far, and in any case, this hypothetical integration might account for the high levels of HBsAg only in the case of a clonal expansion of the hepatocytes containing such integrants, a condition usually occurring in tumoral lesions, not in chronic hepatitis.
A few in vitro studies on HDV/HBV interference have been performed so far, and they showed that the small delta antigen dramatically reduces the expression of HBV 3.5-and 2.1-kb RNAs and suppresses HBV virion production (38) . Very recently, it was demonstrated that both small and large HDV proteins are able to inhibit HBV activities, through a strong repression of HBV enhancers, and that the large protein transactivates the alpha interferon-inducible MxA gene, which encodes a protein known to inhibit HBV replication (37) . However, none of the available evidence sheds any light on the mechanisms allowing the small number of HBV cccDNA molecules detected in HDV coinfection to synthesize amounts of envelope proteins comparable to those produced in HBV monoinfection. Whatever the molecular events implicated, the discrepancy between HBV production and HBsAg synthesis turns to HDV's advantage, since it can secure sufficient amounts of envelope proteins for virion assembly and release and for propagation of the infection.
As expected, we found a significant association between serum and intrahepatic HDV RNA quantities. Of interest, we also observed a direct significant correlation between both serum and intrahepatic HDV RNA and HBV cccDNA amounts but no correlation between HDV RNA and HBV DNA concentrations, at both the serum and intrahepatic levels. Considering that HDV does not depend on HBV to replicate in host cells (30) , these results tempt us to speculate that the direct correlation between HDV RNA and HBV cccDNA might be a consequence of the sequestration of envelope proteins by HDV, which by hindering envelopment of HBV DNAcontaining nucleocapsids might favor their recycling into the nuclei of hepatocytes.
In contrast with previous reports (13, 27, 28, 40), we did not find any correlation between HBsAg and HDV RNA serum amounts. However, Shih et al. (28) clearly reported that this correlation exists mainly for patients with undetectable serum HBV DNA, not for patients with actively replicating HBV. In fact, all of our HDV-positive patients had circulating viral DNA, and half of them showed viremia levels of Ͼ2,000 copies/ml. Interestingly, recent longitudinal studies have demonstrated that the two viruses frequently show complex, dynamic replicative profiles (18, 24) and that circulating amounts of HBsAg and HDV RNA may fluctuate over time, independent of each other (24) . The fluctuation patterns, together with the known large differences in stability and half-life for HBsAg and HDV RNA (3, 4, 15, 18, 24) , may also explain the lack of correlation between them.
All of the results we obtained by comparing HDV-positive and HDV-negative patients were substantially confirmed when the same evaluations were performed by the comparison of HBeAg-positive and HBeAg-negative subgroups of both HDV-positive and HDV-negative patients. Incidentally, in contrast with previous reports (11, 32) , we found that steadystate levels of pgRNA and pre-S/S RNAs, as well as synthesis of envelope proteins, were not reduced in HBeAg-negative individuals of the HDV-negative group. In particular, we detected significantly larger amounts of HBsAg per cccDNA molecule in these patients than in HBeAg-positive patients. Such discrepancies with previous reports could be imputable to possible differences in the virologic characteristics of the study populations, considering that all of our HBeAg-negative patients had highly active HBV infections, as also demonstrated by their median HBV DNA levels in the serum and in the liver, which were both higher than those reported in the abovementioned previous studies (11, 32) .
In conclusion, our study provides new information on the "smart" mode of inhibition of HBV activities exerted by HDV, which is apparently able to provoke a selective suppression of HBV functions, with maintenance of the capacity to synthesize large amounts of envelope proteins necessary for the formation of HDV virions and for the propagation of the infection.
However, regardless of HDV's ability to strongly suppress HBV, in no case does it allow HBV infection to enter into its "occult" phase, since this condition-characterized by a deep suppression of both HBV replication and S gene expression (19)-is disadvantageous for HDV itself.
Considering that direct anti-HDV therapeutic approaches appear far from being identified, anti-HBV drugs are generally considered an indirect solution for the cure of HDV-related diseases. Unfortunately, however, the currently available anti-HBV treatments [nucleos(t)ide analogs and alpha interferon] have no or very little effect on HBV S gene expression and intracellular cccDNA contents, and consequently, they are largely ineffective against HDV hepatitis (5, 20, 34) . To reach the goal of HBV eradication, new drugs able to prevent reinfection of hepatocytes or inducing depletion of cccDNA must be produced, and these drugs would also be a true solution for HDV infection.
